The Harvard community has made this article openly available. Please share how this access benefits you. Your story matters Citation Huang, Junling, and Michael B McElroy. 2015. A 32-year perspective on the origin of wind energy in a warming climate, Renewable Energy 77, no. May: 482-492. Abstract 20 origin of wind energy is investigated from both mechanical and thermodynamic perspectives, 22 with special focus on the spatial distribution of sources, historical long term variations and the 23 efficiency for kinetic energy production. The dry air component of the atmosphere acts as a 24 thermal engine, absorbing heat at higher temperatures, approximately , releasing heat at 25 lower temperatures, approximately . The process is responsible for production of wind 26 kinetic energy at a rate of sustaining thus the circulation of the atmosphere against 27 frictional dissipation. The results indicate an upward trend in kinetic energy production over the 28 past 32 years, indicating that wind energy resources may be varying in the current warming 29 climate. This analysis provides an analytical framework that can be adopted for future studies 30 addressing the ultimate wind energy potential and the possible perturbations to the atmospheric 31 circulation that could arise as a result of significant exploitation of wind energy. 32 33 Keywords: origin of wind energy; warming climate; thermal engine; interannual variability 34 35 36 37 38 39 40 41 42 3 1. Introduction 43 Global installed wind capacity reached an unprecedented level of more than at the end 44 of 2013, of which approximately were added in 2013, the highest level recorded to date. 45 Wind power contributes close to 4 % to current total global electricity demand. In total, 103 46 countries are using wind power on a commercial basis. Based on current growth rates, the World 47 Wind Energy Association estimates that global wind capacity could increase to as much as 48 by 2020 [1]. 49 A number of studies have sought to assess the ultimate potential for wind-generated electricity 50 assuming that the deployment of turbines should not influence the potential source [2-8]. Using 51
below the pressure level, notably in the Southern Hemisphere, as depicted in Fig. 4c . 145 Production of kinetic energy in these regions is associated with the intense development of 146 eddies that stir the atmosphere over the ocean, carrying cold air equatorward and warm air 147 poleward, resulting consequently in cross-isobaric flow. The topographic forcing of the Tibetan 148 plateau has a noticeable impact on the production of kinetic energy in the upper region of the 149 atmosphere, from , as indicated in Fig. 4b . 150 The global and hemispheric rates for production of kinetic energy are obtained by integrating the 151 production term, , over the entire atmosphere or over each hemisphere separately. The global 152 kinetic energy production rate averaged over the past 3 decades is estimated at , with 153 a upward trend since the late 1990s (Fig. 5a ). The average rate for production in the Northern 154 Hemisphere is , for the Southern Hemisphere. Hemispheric production 155 rates indicate strong seasonality ( Fig. 5c ), reaching maximum power output during local winter, 156 with minima in local summer. 
172
The fate of kinetic energy in the atmosphere from a mechanical perspective is summarized in Fig.   173 7. The residence time of kinetic energy, , calculated as , is 6.9 days. According to the first law of thermodynamics:
where defines the rate per unit mass of dry air for diabatic heating, is the specific heat 178 of the air, is temperature, is the vertical component of wind velocity in an isobaric 179 system and [29] .
180
The annual mean spatial distribution of diabatic heating based on equation (5) is displayed in where is the density of air, is the latent heat of condensation, and are the rates of 207 condensation and evaporation per unit mass, is the net radiative flux, is the sensible 208 heat flux due to conduction, is the wind tress tensor, and is the wind velocity.
209
The diabatic heating term can be written as , where accounts for 210 radiative heating (solar and infrared), latent heating and heating due to conduction:
The second component, , is associated with frictional dissipation:
By separating from , we may consider as the external heating responsible, from a 215 thermodynamic perspective, for the motion of the dry air. In the long run, the globally 216 integrated values for must be balanced by global production of kinetic energy, equal 217 therefore to . Consequently, we may rewrite the generation of entropy as: The mechanical work produced by the atmosphere is dissipated by friction and converted to heat 239 that is released back into the atmosphere. This process is thermally equivalent to using the 240 mechanical work to turn on a heater and return the exhausted heat back to the atmosphere, as 241 depicted in Fig. 10 . However, it is difficult to distinguish between and , and the absolute 242 value of the global integral of is negligible compared to the global integral for and .
243
Thus, the global heat source can be approximated as: with 244 approximated as: .
245
The value for the global heat source averaged over the past three decades is estimated 246 at . The average kinetic energy production rate over the same period is calculated as 247 . It follows that the average efficiency for kinetic energy production is equal to 248 approximately .
249
The effective temperature at which heat is absorbed can be calculated as: The schematic illustration of the dry air component of the atmosphere as a thermal engine is 260 summarized in Fig. 11 , with values included here representing averages for the past 32 years.
261
The dry air component of the atmosphere acts as a thermal engine, absorbing heat at a 262 temperature of approximately , releasing heat at a temperature of approximately .
263
The process produces kinetic energy at a rate of sustaining thus the circulation of the 264 atmosphere against friction. The study started with a quantification of the total kinetic energy stock of the atmosphere and 267 subsequently investigated how kinetic energy is generated and dissipated from mechanical and 268 thermodynamic perspectives.
269
The total kinetic energy stock of the atmosphere displays significant inter-annual variability, as against frictional dissipation. Key thermodynamic properties were quantified, including the 302 kinetic energy production rate, , the heat absorption rate, , the effective temperature at 303 which heat is absorbed, , and the effective temperature at which heat is released, .
304
The calculations of these key properties are based on the assimilated meteorological data from 305 the MERRA compilation. Data assimilation is the process of incorporating historical 306 observations of the atmosphere into a numerical physical model, and produces the most reliable 307 estimate of the past meteorological conditions. However, some uncertainties with the final 308 outputs, such as wind speed data, cannot be completely eliminated.
309
The kinetic energy production rate, , is calculated from a mechanical perspective using wind 
